Large amounts of synthetic surfactants have been used in industrial and domestic detergents. Most of these surfactants are directly discharged into the environment. Synthetic surfactants sometimes cause water pollution. It is important to determine these surfactants. Almost all of the methods for the spectrophotometric determination of ionic surfactants are based on the formation of ion associates with dyes or metal complex ions and their subsequent extraction into organic solvents such as chloroform, 1,2 toluene 3,4 and benzene. 12 and surfactants, in aqueous solution have been reported. These methods are unsuitable for the determination of trace amounts of surfactants because of low sensitivities. On the other hand, spectrophotometry after the preconcentration of the ion associate of ionic surfactants with dye ions on a flexible polyurethane foam, 13,14 a polyvinyl chloride sheet, 15 an organic solvent-soluble membrane filter, 16 the wall of a PTFE vessel 17, 18 and a filter-paper impregnated with a mixed aluminum-zinc hydroxide, 19,20 silica gel loaded with ion-pair associates of high molecular weight quaternary ammonium salts and anionic dyes, 21 have been proposed for the determination of trace amounts of surfactants.
Introduction
Large amounts of synthetic surfactants have been used in industrial and domestic detergents. Most of these surfactants are directly discharged into the environment. Synthetic surfactants sometimes cause water pollution. It is important to determine these surfactants. Almost all of the methods for the spectrophotometric determination of ionic surfactants are based on the formation of ion associates with dyes or metal complex ions and their subsequent extraction into organic solvents such as chloroform, 1,2 toluene 3,4 and benzene. 5, 6 These solvents have toxic properties. Several methods for the determination of surfactants without requiring toxic solvents have been developed. Spectrophotometric methods for the determination of ionic surfactants based on the interaction between dyes, such as Bromothymol Blue, 7 Tetrabromophenolphthalein Ethyl Ester, 8 Methyl Orange, 8 a phenylazophenol dye, 8 Bromocresol Purple, 9, 10 Congo Red, 11 Thymolphthalein, 11 Rose Bengal 12 and Phloxine B, 12 and surfactants, in aqueous solution have been reported. These methods are unsuitable for the determination of trace amounts of surfactants because of low sensitivities. On the other hand, spectrophotometry after the preconcentration of the ion associate of ionic surfactants with dye ions on a flexible polyurethane foam, 13, 14 a polyvinyl chloride sheet, 15 an organic solvent-soluble membrane filter, 16 the wall of a PTFE vessel 17, 18 and a filter-paper impregnated with a mixed aluminum-zinc hydroxide, 19, 20 silica gel loaded with ion-pair associates of high molecular weight quaternary ammonium salts and anionic dyes, 21 have been proposed for the determination of trace amounts of surfactants.
The natural polymer chitin has recently been used for preconcentration 22 and determination by the spectrophotometric, 23, 24 and atomic absorption spectrometric methods 25, 26 of some metal ions. Trace amounts of ruthenium 27 and indium 28 in aqueous solutions were determined by incorporating their metallic elements into a precipitate of chitosan solution in acetic acid from an alkali solution, followed by atomic absorption spectrophotometry. In the present investigation, a simple spectrophotometric method for determining ionic surfactants by incorporating the ion associate of the anionic sulfonephthalein dye with a cationic surfactant into a precipitate of chitosan without a harmful organic solvent was developed.
Experimental

Apparatus
A JASCO Uvidec-430 spectrophotometer was used for recording spectra and absorbance measurements in quartz cells of 10 mm light pathlength. The pH values were measured with a Hitachi-Horiba (Model F-8 dp) pH-meter.
Reagents and materials
Bromophenol Blue (BPB), Bromochlorophenol Blue (BCPB), Bromocresol Purple (BCP), Bromocresol Green (BCG) and Bromothymol Blue (BTB) were prepared by dissolving appropriate amounts of dyes in 5 ml of 0.01 M sodium hydroxide and diluting to 200 ml with distilled water. The cationic surfactants (CS + ) were tetradecyltrimethylammonium chloride (TDTMA, >98% purity), cetyltrimethylammonium chloride (CTMA, >95% purity), stearyltrimethylammonium A spectrophotometric method for the determination of ionic surfactants with Bromophenol Blue (BPB) based on incorporation into a precipitated chitosan was studied. Cationic surfactants (CS + ), such as a quaternary ammonium ion containing a long-chain alkyl group, associate with BPB 2-buffered at about pH 9 to form the ion associate (CS + )2·BPB 2-. CS + associates with anionic surfactants (AS -). In the presence of a definite amount of CS + , an increase in the amount of AS -leads to a decrease in the amount of excess CS + , and therefore to a decrease in the amount of the ion associate of CS + with BPB 2-. The addition of a chitosan dissolved in acetic acid to a solution containing these ion associates leads immediately to precipitation of the chitosan and the incorporation of the ion associates (CS + )2·BPB 2-or CS + ·AS -into the precipitated chitosan. After centrifuging, ionic surfactants can be determined by the following two methods: (1) the absorbance of the supernatant solution is measured at 590 nm. (2) After the supernatant solution is separated, the precipitate is dissolved in an acetic acid solution and the absorbance is measured at 625 nm. Because the color of the precipitate is judged by the naked eye, this can be applied to the visual method. This is a simple and rapid method for the determination of a 10 -6 M order of ionic surfactants. chloride (STMA, >97% purity), cetyldimethylbenzylammonium chloride (CDMBA, >95% purity) and distearyldimethylammonium chloride (DSDM, >95% purity) obtained from Tokyo Kasei Co., Ltd., and tetradecyldimethylbenzylammonium chloride (Zephiramine: Zeph, >98% purity) obtained from Dojindo Laboratories. CS + solutions were prepared from the salts, after drying under reduced pressure. Accurately weighed amounts of the dried salts were dissolved in distilled water to give stock standard solutions, which were diluted before use. The anionic surfactants (AS -) were sodium laurylsulfate (LS, >98.2% purity) and sodium lineardodecylbenzenesulfonate (DBS, >99% purity) obtained from Wako Pure Chemical Ind. and 1-decanesulfonic acid sodium salt (DS, >98% purity), 1-dodecanesulfonic acid sodium salt (DDS, >98% purity), 1-tetradecanesulfonic acid sodium salt (TDS) and 1-hexadecanesulfonic acid sodium salt (HDS) from Tokyo Kasei Co., Ltd. AS -solutions were prepared from the salt, after drying under reduced pressure. Accurately weighed amounts of the dried salts were dissolved in distilled water to give stock standard solutions, which were diluted before use. The nonionic surfactant (NS) was poly(oxyethylene)dodecyl ether (HOEDE, n is the number-average degree of polymerization, n = 7, 99.9% purity) obtained from Wako Pure Chemical Ind. An accurately weighed amount of the surfactant was dissolved in distilled water to give a stock solution, which was diluted before use. Ammoniacal buffer solution (1.25 M) was used to adjust the pH of the solution to 9.2. Chitosans were Type I (degree of deacetylation, 97.5%; molecular weight, 46600), Type II (degree of deacetylation, >90.0%; molecular weight, 70600), Type III (chitosan from cuttlefish; degree of deacetylation, >90.0%; molecular weight, 380000), Type IV (degree of deacetylation, 87.2%; molecular weight, 1000000) and Type V (degree of deacetylation, 85.4%; molecular weight, 2000000) from Yaegaki Hakkou Giken Co., Ltd.. Chitosans were dissolved in a 0.5 M acetic acid solution to give 2(w/v)% stock solutions, which were diluted before use. All of the reagents were of analytical-reagent grade and were used as received.
Procedure for the determination of CS +
First, 17 ml of a sample solution containing less than 1.18 × 10 -5 M of CS + , 1 ml of a 1.25 M ammoniacal buffer solution (pH 9.2), 1 ml of a 2 × 10 -4 M BPB solution and 1 ml of a 1 (w/v)% Type II chitosan solution was taken into a 50-ml centrifuge tube and mixed well. After centrifuging at 4000 r.p.m. for 5 min, CS + was determined by the following two methods: (1) the absorbance of the supernatant solution was measured at 590 nm. (2) After the supernatant solution was separated, the precipitate was dissolved in 3 ml of a 0.25 M acetic acid solution and the absorbance was measured at 625 nm.
Procedure for the determination of AS -
First, 16 ml of a sample solution containing less than 1.25 × 10 -5 M of AS -, 1 ml of 2 × 10 -4 M DSDM + solution, 1 ml of 1.25 M ammoniacal buffer solution (pH 9.2), 1 ml of 2 × 10 -4 M BPB solution and 1 ml of 1 (w/v)% Type II chitosan solution was taken into a 50-ml centrifuge tube and mixed well. After centrifuging at 4000 r.p.m. for 5 min, AS -was determined by the following two methods: (1) the absorbance of the supernatant solution was measured at 590 nm. (2) After the supernatant solution was separated, the precipitate was dissolved in 3 ml of a 0.25 M acetic acid solution, and the absorbance was measured at 625 nm.
Results and Discussion
Interaction between sulfonephthalein dyes and chitosan in an aqueous solution
The adsorption behaviors of sulfonephthalein dye anions on both chitosan powder and chitosan precipitate. Chitosan was dissolved in a weak acid, such as acetic acid. The dissolved chitosan solution was precipitated by an alkaline solution. The behaviors of the adsorption of sulfonephthalein dyes (H2Dye) on both a chitosan powder and a chitosan precipitate were examined. Both a monovalent dye, anion HDye -(in acidic solution), and a divalent dye, anion Dye 2-(in alkaline solution), adsorbed on the chitosan powder, which caused a large value of the reagent blank. It was difficult to determine CS + with the chitosan powder, because there was no difference in the absorbance bet ween the sample and the reagent blank solutions. On the other hand, the ion associates of CS + with HDye -and Dye 2-were incorporated into the precipitate of chitosan and Dye 2-, but were not incorporated into the precipitate of chitosan. It was possible to determine CS + with the precipitate of chitosan, because there was a difference in the absorbance between the sample and the reagent blank solutions. Therefore, the precipitation of chitosan was examined for the determination of CS + . Metachromasy and absorption spectra. Five sulfonephthalein dyes (BPB, BCPB, BCP, BCG and BTB) were used. ). The BPB and BCPB solutions changed from yellow to violet in acetic acid, but the colors of the other dyes solutions were hardly changed. For example, in the case of BPB, the addition of a chitosan solution to BPB in an acetic acid solution resulted in a decrease of the absorbance at 435 nm and an increase in the absorbance at 588 nm, i.e., a color change from yellow to violet, which may have been caused by the dissociation reaction of a proton from the protonated dye (HBPB -to BPB 2-). These absorption spectral changes are shown in Fig. 1 . The metachromasy increased with the increase in the chitosan concentration.
This metachromasy is useful for the sensitive determination of ionic surfactants by method (2), because the molar absorptivity of divalent dye anions are larger than those of monovalent dye anions.
Examination of the procedures for the determination of ionic surfactants
Selection of the sulfonephthalein dye. Five sulfonephthalein dyes were used. For 6 × 10 -6 M Zeph + (sample I), 1 × 10 -5 M Zeph + (sample II) solutions and a blank solution not containing CS + , the examination for the selection of dye was made by method (1) .
The differences in the absorbance at the wavelength of the absorption maximum between the sample solutions and the blank solution were measured under 1 × 10 -5 M dye, 0. The absorption spectra of the DSDM + sample with BPB obtained by methods (1) and (2) are shown in Fig. 2 . The absorption maxima for methods (1) and (2) are 590 nm and 625 nm, respectively. The shift to a longer wavelength (625 nm) in method (2) was caused by the above metachromasy and the presence of CS + incorporated into the precipitate of chitosan. In subsequent experiments, these wavelengths of the absorption maximum were used to examine the procedures for the determination of ionic surfactants. Effect of the species of the quaternary ammonium cation. The effect of the species of the quaternary ammonium cation (Q + ) was examined by method (1).
The differences in the absorbance at 590 nm between the sample solutions and the blank solution were measured under 1 × Effect of the species of chitosan. Five chitosans of Type I -V were used. For STMA + , and DSDM + sample solutions and a blank solution not containing CS + , an examination of the selection of chitosan was made by method (1) . The result is shown in Fig. 3 . For a blank solution, all of the chitosans showed almost the same absorbance. For the STMA + solution, there was a small difference in the absorbance between the blank and the sample solutions with Type V chitosan. For the DSDM + solution, there were large differences in the absorbance between the blank and the sample solutions with Type III -V chitosans. Type III and IV chitosans may be suitable for the determination of CS + because, on the whole, these chitosans showed large differences in the absorbance between the blank and sample solutions. Effect of the pH. The effect of the pH was examined by varying the pH of STMA + , DSDM + and the blank solutions with ammoniacal buffer solutions of pH 9.2 -11.0 for all chitosans in method (1). The blank solutions showed almost constant absorbances regardless of the pH of the solution and the species of chitosan. The sample solutions showed the largest difference in the absorbance between the blank and the sample solutions for all chitosans by using an ammoniacal buffer solution of pH 9.2. At this pH the effect of the species of chitosan was small. In subsequent experiments, ammoniacal buffer solutions of pH 9.2 and Type II chitosan were used. Effect of the concentration of BPB. The effect of the concentration of BPB was examined by method (1) 
Calibration curve, sensitivity and precision
The absorbances at different concentrations of CS + were measured by the procedure for the determination of CS + . When the absorbance for each CS + was measured by method (1) , the absorbance at 590 nm decreased along with an increase in the concentration of CS + . When the absorbance for each CS + was measured by method (2) , the absorbance at 625 nm increased with an increase of the concentration of CS + . The determination range, the regression line, and the correlation coefficients between the concentrations of CS + and the absorbances by methods (1) and (2) are given in Table 1 . The absolute value of the proportionality constant of the regression line is related to the ion-association reaction of CS + with the BPB anion, that is, the hydrophobic interaction between CS + and BPB anion. The hydrophobic property of CS + increases with an increase in the number of carbon atoms in CS + , and increases the absolute value of the proportionality constant of the regression line. It seems that it is difficult to determine trace amounts of TDTMA because of a low sensitivity. CS + in the sample solution could be determined at 10 -6 M level for 20 ml of the sample solution according to the recommended procedure. The correlation coefficients in the straight calibration curves for TDTMA, CTMA, STMA, Zeph, CDMBA and DSDM were 0.979 to 1.000. The relative standard deviations for 8 × 10 -6 M Zeph solution (n = 3) of the methods (1) and (2) were 1.2% and 2.1%,respectively.
In the determination of AS -, a definite amount of CS + was added to AS -, and the amount of the ion associate of excess CS + with divalent BPB anion incorporated into the precipitate of chitosan was determined. DSDM + was used as CS + . The absorbances at different concentrations of AS -were measured by the procedure for the determination of AS -. When the absorbance for each AS -was measured by method (1), the absorbance at 590 nm increased with an increase in the concentration of AS -. When the absorbance for each AS -was measured by method (2) , the absorbance at 625 nm decreased with an increase in the concentration of AS -. The determination range, the regression line, and the correlation coefficients between the concentrations of AS -and the absorbances by methods (1) and (2) are shown in Table 2 . The absorbances at different concentrations of AS -were measured. It seems that it is difficult to determine trace amounts of DS because of a low sensitivity. AS -in the sample solution could be determined at the 10 -6 M level according to the recommended procedure. The correlation coefficients in the straight calibration curves for DS, DDS, TDS, HDS, DBS and LS were 0.975 to 1.000. The relative standard deviations for a 4 × 10 -6 M LS -solution (n = 3) of methods (1) and (2) were 0.4% and 0.8%, respectively.
Effect of co-existing substances
The effects of co-existing substances on the determination of 8 × 10 -6 M Zeph + and STMA + as the cationic surfactant and 4 × 10 -6 M LS -and DBS -as the anionic surfactant in 20 ml of the sample solution were investigated by methods (1) and (2) . The concentrations of co-existing substances which give the relative error of within about ±5% in the recovery of each ionic surfactant are given in Table 3 2.00 × 10 -3 Table 3 Effect of co-existing substances on the determination of ionic surfactants a. Concentrations giving within ± 5% error in the recovery of ionic surfactants. (1) and (2), respectively; for 8 × 10 -6 M STMA + , 2 × 10 -6 M LS -causes +9.3% and -31.3% error in methods (1) and (2), respectively. The cationic surfactant, Zeph + , causes interference in the determination of LS -: for 4 × 10 -6 M LS -, 1 × 10 -6 M Zeph + causes +6.6% error in method (2) . The moderate concentrations of Ca 2+ , Mg 2+ , Na + , K + and HCO3 -do not interfere.
The interferences of other co-existing ionic surfactants in the determination of cationic and anionic surfactants may be avoided by passing the sample through a column packed with an ionic-exchange resin.
Application to commercial samples
The proposed method was applied to the determination of a cationic surfactant in a commercial rinsing solution for hair, and anionic surfactants in commercial detergents for washing. Table 4 gives the results for the original samples and for the recovery of known quantities of surfactants added to the sample. The results agree approximately with those of the JIS titration method (Epton method). The recovery of the added surfactants was nearly quantitative. Table 4 Determination of ionic surfactants in commercial samples a. Sample 1, rinsing liquid for washing hair; samples 2 and 3, synthetic detergents for washing. The surfactant in sample 1 is stearyltrimethylammonium chloride. The total content of the surfactants in sample 2 is 41 % and the surfactanta are sodium linearalkylbenzenesulfonate, sodium alkyl sulfate and alkylpolyoxyetylene ether. The total content of the surfactants in sample 3 is 32 % and the surfactants are sodium linear-alkylbenzenesulfonate, sodium α-sulfocarboxylic ester and sodium carboxylate. b. JIS method: Epton method. c. Mean value ± standard deviation (three measurements). d. These values were determined by assuming that anionic surfactants in the samples were LS. 
